Background To investigate whether histologic subtyping from biopsies can predict local recurrence after thermal ablation for lung adenocarcinoma. Methods Patients treated with CT-guided thermal ablation for lung adenocarcinoma that had pre-ablation needle biopsy with analysis of histologic components were identified. Age, gender, smoking status, treatment indication (primary stage 1 tumor versus salvage), histologic subtype, ground-glass radiographic appearance, tumor size, ablation modality, and ablation margin were evaluated in relation to time to local recurrence (TTLR). Cumulative incidence of recurrence (CIR) was calculated using competing risks analysis and compared across groups using Fine and Grey method with clustering. Multivariate analysis was conducted with stepwise regression.
Introduction
Lung cancer is the most frequent cause of cancer-related deaths worldwide [1] . Image-guided thermal ablation offers an important therapeutic alternative for surgically ineligible patients as well as those who have lung metastasis or tumor recurrence after surgical treatment [2, 3] . A recent prospective trial of thermal ablation in medically inoperable early-stage non-small cell lung cancer demonstrated comparable overall survival rates to stereotactic body radiotherapy (SBRT) and surgery [4] , though high rates of local recurrence (7-55%) remain a major critique [5, 6] . Evaluation of determinants of ablation success has to date largely focused on technique-associated parameters, such as tumor size and treatment margin size [7] . An association between the presence of Ki67? tumor cells and local tumor progression after ablation of lung tumors has been demonstrated [8] . Recent work has also shown an association between KRAS mutation status and local recurrence after ablation of lung adenocarcinoma [9] .
In 2011, the International Association for the Study of Lung Cancer (IASLC), the American Thoracic Society (ATS), and the European Respiratory Society (ERS) proposed a new classification system for lung adenocarcinoma [10] . Invasive lung adenocarcinoma tumor was subdivided into lepidic (LEP) predominant, acinar (ACI) predominant, papillary (PAP) predominant, micropapillary (MIP) predominant, solid (SOL) predominant, and invasive mucinous adenocarcinoma (MUC). Multiple studies have since investigated the prognostic and predictive utility of this classification with respect to recurrence patterns and postrecurrence survival after surgery [11] [12] [13] . Most of these studies have pointed to the role of micropapillary and solid histologic subtypes as independent predictors of higher local recurrence rates, distant metastasis, and poorer overall prognosis even in completely resected early-stage lung adenocarcinoma. The prognostic potential of the IASLC/ATS/ERS classification system following thermal ablation remains unknown. This was a retrospective study to evaluate the association between different histologic subtypes of lung adenocarcinoma identified in pre-ablation biopsies and local recurrence after ablation.
Materials and Methods
This study was approved by the institutional review board with informed consent waived and was compliant with the Health Insurance Portability and Accountability Act.
Patient Selection
Consecutive patients who underwent percutaneous thermal ablation of a lung nodule at our institution between 2009 and 2016 were identified. There were a total of 798 lung ablations performed. We excluded all ablations for patients that did not have a diagnosis of lung cancer (n = 568), all tumors that were not biopsied (n = 75), and all tumors with final pathology other than adenocarcinoma (n = 35). We also excluded any tumors whose biopsy specimens did not include a description of histologic subtype (n = 63). These included biopsies that were fine needle aspiration (n = 38) or if pathologist was not make a judgement on the histologic subtype (n = 25). The study cohort consisted of 57 treated tumors in 53 patients (4 patients underwent two ablations for two different tumors). A flowchart is provided in Fig. 1 . Biopsies were obtained from the same site as the targeted tumor for ablation.
Thermal Ablation
The decision to perform thermal ablation was made in conjunction with members of a multi-disciplinary thoracic disease management team. Computed tomography (CT) guidance was used to monitor ablation applicator placement under general anesthesia. All ablations were performed by fellowship-trained interventional radiologists. A total of 16 interventional radiologists performed the ablations with at least 8 years of experience at the beginning of the study. Ablation parameters including modality were determined by the interventional radiologist performing the procedure according to tumor size, location, shape, adjacent structures, access route, and operator preference. All ablations were performed according to the manufacturer's protocol and with the aim of creating an ablation defect covering the entire tumor plus at least 5 mm surrounding the tumor. Immediately after every ablation procedure, a CT scan was performed to assess the ablation zone and possible complications. A minimum of 2 chest radiographs were also obtained after the procedure to exclude pneumothorax or other complications. We used the established guidelines regarding terminology and reporting [14, 15] . Technical success was based on the immediate post-ablation CT at the time of procedure and defined as an ablation zone completely encompassing the tumor. Technical efficacy was based on the first post-ablation CT scan and defined as an ablation defect that completely encompassed the tumor. Failure was defined as any evidence of residual tumor within 1 cm of the ablation defect. The ablation defect at the first post-ablation CT scan was considered the new baseline for future comparisons.
Tissue Acquisition and Histologic Evaluation
Histologic diagnosis and the presence of subtype of adenocarcinoma (LEP, ACI, PAP, MIP, SOL, and MUC) were extracted from pathology reports. As subtype assessment was based on needle biopsies rather than an entirely resected specimen, a ''predominant'' subtype was not assigned. A meta-category of micropapillary and/or histologic components (MIP_SOL) was also included. The median time between biopsy and ablation was 34 days (range = 0-333 days).
Follow-Up and Assessment of Local Tumor Recurrence
Post-procedural imaging was performed according to standard guidelines [16] , beginning with a baseline CT or PET/CT after 1 month. Decision to perform CT or PET/ CT on all follow-up examinations was based on interventional radiologist and referring oncologist and dependent on clinical scenario. Routine follow-up imaging was performed after 3, 6, and 12 months, then at yearly intervals. Successful ablation was defined as progressive reduction in size and lack of contrast enhancement in the ablation zone in relation to the 1-month baseline imaging study. Local recurrence was either biopsy proven or diagnosed based on the following imaging parameters: [1] development of new tumor adjacent to the ablation zone, [2] development of contrast enhancement within or adjacent to the ablation zone, or [3] increase in metabolic activity within or adjacent to the ablation site if a PET/CT was performed [17] . Radiology reports dictated by faculty body imaging radiologists were retrieved from the electronic medical records and reviewed. All imaging studies were prospectively assessed by the operating interventional radiologist. All studies were also independently reviewed by EZ and SG and discrepancies resolved by consensus.
Complications were categorized according to the Common Terminology Criteria for Adverse Events version 4.03 (CTCAE v4.03; National Institutes of Health, National Cancer Institute). Grade 1 or 2 adverse events were defined as minor complications, and grade C3 adverse events were defined as major complications.
Covariates
Patient and clinical characteristics were recorded including age, gender, smoking status, tumor status as primary lung neoplasm or recurrence, CT appearance of predominant ground-glass opacity, ablation modality (radiofrequency, microwave, or cryoablation), tumor size (length of longest dimension), and ablation margin. The ablation margin was assessed based on the intra-procedural pre-and post-CT examination. Similar to previously described workflow [18] , anatomic landmarks surrounding the nodule were chosen and the distances from the edge of the nodule to the landmarks were measured on the pre-and post-intra-procedural CT scan. The subtracted distance equaled the margin at that site and the smallest value obtained was defined as the ablation margin. This was categorized as either less than or equal to 5 mm or greater than 5 mm. If a section of a nodule was immediately adjacent to a pleural surface, the margin along that section was not calculated.
Statistical Analysis
Overall survival was measured from the time of ablation to patient death or most recent follow-up, determined by review of the patient medical record. Overall survival rates were estimated using the Kaplan-Meier method. Median time to follow-up was based on the reverse Kaplan-Meier estimator [19] . A competing risks proportional hazards model was used to analyze the time to local recurrence (TTLR) after thermal ablation, with death without local recurrence considered a competing event [20, 21] . TTLR was calculated from the ablation procedure date. Patients alive without evidence of local recurrence were censored on the date of last available imaging. The cumulative incidence function was used to estimate the 1-year, 2-year, and 3-year cumulative incidence of recurrence (CIR) after ablation. Univariate analysis by histologic subtype including the additional MIP_SOL category was performed with clustering to account for within-patient correlations. To determine which variables to include in the multivariate analysis, we tested multiple potential confounders. Covariates with significance or marginal significance (p \ 0.15) were subsequently included in the multivariate analysis. Backward selection with a cutoff of p = 0.05 was performed to select significant predictors of outcome in the multivariate analysis. Statistical analysis was performed using R software [22] .
Results
The technical success and technical efficacy of ablation were 100%. Complications recorded were as follows. There were 13 pneumothoraces that were managed with chest tubes (23%), 2 intercostal nerve radiculitis (4%) that were managed conservatively with pain medicine, and 1 (2%) presumed recurrent laryngeal nerve injury resulting in voice changes that resolved after 2 months. Major complications included 1 pneumothorax that was treated with sclerosis (2%), 1 lung infection (2%) with cavity formation treated with a prolonged course of antibiotics, and 1 radiculitis (2%) treated with a nerve block procedure. There were no grade 4 or 5 events.
The median time between biopsy and ablation was 34 days (range 0-333 days). The median time to follow up was 44 months (95% CI: 33-52 months). The 1-, 2-, and 3-year overall survival was 93% (95% CI: 82-97%), 86% (95% CI: 72-93%), and 75% (95% CI: 59-86%), respectively. There were 16 local recurrences observed. The overall CIR after ablation was 12.7% (95%CI:5.5-23.0%) after 1 year, 24.1% (95%CI:13.1-37.0%) after 2 years, and 32.1%(95%CI:18.8-46.1%) after 3 years.
A summary of the patient and tumor characteristics is provided in Table 1 . The median tumor size was 15 mm (range 7-38 mm), and 12 (21%) nodules were greater than 2 cm. The median minimum ablation margin was 8 mm (range 2-18 mm), and 12 (21%) had ablation margin less than or equal to 5 mm. The histologic subtype components recorded in pre-ablation biopsies were as follows: 35 (61%) had ACI component, 21 Table 1 summarizes the univariate analysis of TTLR.
The prognostic variables identified in the univariate analysis as significant, MIP_SOL and minimum ablated margin, were incorporated into a multivariate competing risks proportional hazards model along with the marginally significant, LEP (SHR = 0.43, p = 0.13, CI = 0.15-1.28). In the multivariate analysis, only MIP_SOL remained significant (SHR = 11.4, p = 0.00021, CI = 3.14-41.3). Figure 2 represents the cumulative incidence of local recurrence after ablation in patients with and without MIP or SOL components on the pre-ablation biopsy. The 1-, 2-, and 3-year cumulative incidence of local recurrence in patients with no MIP_SOL components was 5% (CI: 1-15%), 14% (CI: 5-28%) and 18% (CI:7-33%); compared with 33% (Ci: 11-57%), 49% (20-72%), and 66% (CI:30-86%).
Discussion
Lung adenocarcinoma histologic subtypes have distinct clinicopathologic characteristics and prognosis. MIP and SOL components, in particular, are associated with increased risk of recurrence after surgery and worse prognosis [11-13, 23, 24] . This study demonstrated the prognostic significance of histologic subtype after thermal ablation. The presence of MIP or SOL on pre-treatment biopsy specimens was an independent predictor of shorter TTLR. Similar results have recently been reported after stereotactic body radiation therapy in the setting of MIP and SOL subtypes [25] . This work may be used to improve patient selection and stratification, to define optimal follow-up strategies after ablation based on risk of recurrence, and potentially to target larger ablation margins for high-risk patients. The fact that subtype identification was performed on biopsy specimens also suggests that even surgical and radiation patients may benefit from biopsies to identify high-risk patients.
Intratumoral heterogeneity of lung adenocarcinomas presents a challenge for assessing histologic subtype. The presence of even a small amount of MIP (as little as 5%) is associated with risk of recurrence after surgery [12] . Targeted needle biopsies may under-sample diversity, though concordance rates between biopsy specimens and predominant subtype after surgical excision can be high when tumors are small [26] . Further work to delineate the relationship between intratumoral heterogeneity, specific histologic subtypes, and biopsy characterization may more effectively guide patient care.
Mutation status has also been associated with histologic subtype. SOL-predominant adenocarcinomas are negatively associated with EGFR mutations and positively associated with KRAS mutations [27, 28] . MIP predominant tumors are associated with EGFR mutations despite their inherent aggressive biology [29] . An association between KRAS mutations and shorter TTLR after thermal ablation was recently reported [9] . In this cohort, a substantial number (25/57 44%) of tumor specimens did not undergo KRAS mutation testing and only 8/57 (14%) of tumors were KRAS mutants. Further studies with larger sample sizes and thorough genotyping are warranted. A circumferential GGO margin [5 mm is required to ensure complete tumor ablation [30] . Similar to prior reports, we found an association between margins \5 mm and worse outcome [18] . In a study by Nitadori et al. [12] , high-risk tumors with an MIP component of 5% or greater were significantly associated with increased risk of local recurrence when the surgical margin was less than 1 cm, but had no effect when it was 1 cm or more. This raises the possibility that certain histologic subtypes require larger ablation margins. Interestingly, the presence of micropapillary or solid subtype is associated with occult metastasis in resected lung adenocarcinomas [31] . An alternative hypothesis may then be that recurrences seen in the setting of micropapillary, or solid subtypes may represent instances of self-seeding [32] . Local recurrence rates may then be manifestations of the degree to which tumor cells can reestablish colonies in the inflammatory environment postsurgery, post-radiation, or post-ablation. A third alternative may be that high grade tumors have inherently higher tumor doubling time, resulting in faster tumor regrowth.
Our results support the use of biopsy prior to ablation. However, there is some concern that biopsy may result in tumor seeding and possibly contribute to recurrences. At least in the surgery literature, the evidence seems to support no needle dissemination from CT-guided lung biopsies [33] . Moreover, the overall rate of local recurrence in our cohort of biopsied patients was similar to published rates including studies where not all patients were biopsied. One possibility is that tumor seeding risk is also dependent on the histologic subtype, although this question would be difficult to address directly in an ablation clinical trial.
There were several limitations to this study. This was a retrospective study with a small number of patients. The results should be interpreted as exploratory and must be validated on a separate cohort. Histologic assessment was performed by needle biopsies limiting the accuracy of histologic subtype assessment. While the objective was to demonstrate the role of histologic subtype as an independent predictor of time to local recurrence after thermal ablation, the results do not negate the contribution of additional variables (tumor size, margin, KRAS mutation status) to local recurrence. Despite these limitations, these encouraging results suggest a useful framework for future prospective, large-scale clinical studies.
In conclusion, MIP and SOL histologic components are associated with statistically significant increased risk of local recurrence after thermal ablation. This study supports the utility of biopsy for histologic subtype as a prognostic indicator of faster local recurrence prior to lung ablation. Furthermore, the results suggest that any studies comparing techniques should appropriately stratify patients by histologic subtype.
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